A significant number of stallions produce low quality ejaculates with high sensibility to chilling. Single Layer Centrifugation (SLC) with Androcoll-E TM has been presented as an efficient method of selecting good quality spermatozoa. In the current study, changes in sperm quality (motility, viability, acrosome integrity and DNA damage) occurring during storage at 5˚C for a maximum of 72 h, were investigated. For that, one ejaculate from 12 stallions was split in two aliquots: control and SLC-selected. Both aliquots were chilled and stored at 5˚C and spermatozoa were evaluated for motility, viability and acrosome integrity at 24, 48 and 72 h post collection. DNA damage was evaluated at 48 h post collection using the comet assay. In the SLC-selected aliquots, there was a significant improvement in terms of progressive motility (0 h: P = 0.005; 24 h: P < 0.001; 48 h: P < 0.001; 72 h: P < 0.001) and percentage of live spermatozoa with intact acrosome (24 h: P = 0.003; 48 h: P = 0.003; 72 h: P = 0.004). The DNA damage (in Arbitrary Units) was not different between SLCselected and control samples (P > 0.05). SLC with Androcoll-E TM improved semen quality prolonging sperm longevity of chilled semen (P = 0.012). This positive effect was more evident in ejaculates most sensitive to chilling that had a sharp decrease in motility in the first 24 h of refrigeration and for all ejaculates at 72 h postchilling. Therefore, this method reveals to be a useful technique for selecting spermatozoa and maintain sperm quality during storage.
INTRODUCTION
Stallions are selected mainly based on their pedigree, athletic performance or other phenotypic characteristics [1] rather than on semen quality. In many European countries, AI with chilled semen is the preferred breeding method for mares [2] but a significant percentage of stallions produce semen highly sensitive to chilling [3] .
In order to improve the quality of chilled semen it is important to maximize its resistance to refrigeration. It has been suggested that the removal of the seminal plasma by centrifugation, previously to dilution in the extender, could enhance the sperm survival [4, 5] . However, this procedure still does not consistently select "good quality" spermatozoa [6] . Recently, a method involving a single layer centrifugation (SLC) through a colloid of silica with a species-specific formulation (An-drocoll-E TM ) was developed at the Swedish University of Agricultural Sciences. This procedure permitted the selection of a sub-population of highly motile spermatozoa with normal morphology and good DNA integrity [7] [8] [9] .
The basic features of semen evaluation consist on conventional laboratory tests, such as estimation of spermatozoa motility and morphologic characteristics, as well as concentration, volume and colour of the ejaculate. However, the predictive value of these examinations can be limited and the pregnancy rates can decrease, especially when the artificial insemination (AI) is performed with chilled or frozen semen [8] . The ability to accurately determine the quality of semen will better enable the clinician to predict the expected fertility of a stallion [10] . Fluorescent probes have been used in many species to evaluate the integrity of the sperm membrane, acrosome and mitochondria [10] . In the SYBR-14/PI staining, the SYBR-14 penetrates the membranes of all sperm, whereas PI penetrates only membranes of damaged sperm. Both probes bind to DNA nucleic acids with SYBR-14 fluorescing green while PI fluoresces red, allowing for the differentiation of live and dead cells [10] [11] [12] .
One factor that could play an important role in the fertilizing capacity of sperm is the deposition of abnormal sperm chromatin and/or DNA in the oocyte [13] . A few assays have been used over the last years to access changes in sperm chromatin or DNA, including the terminal deoxynucleotidyl transferase mediated-deoxyuridine triphosphate nick end labelling (TUNEL) assay, the Sperm Chromatin Structure Assay (SCSA) and the single-cell electrophoresis assay (SCGE) [14] .
The SCGE, or comet assay [15] has been recognized as one of the most sensitive techniques for measuring DNA strand breaks [16] in various cells including sperm [17] . Determination of DNA damage at the single cell level can aid the improvement of semen preservation protocols, optimizing fertility by making appropriate adjustments for adequate protection of the cells [17] .
The objectives of this study were to 1) evaluate the changes in sperm motility, viability and acrosome integrity in extended semen (control) and in SLC-selected spermatozoa, stored at 5˚C over 72 h; 2) evaluate the DNA integrity in control and SLC-selected spermatozoa stored at 5˚C at 48 h post collection using the comet assay and 3) evaluate the longevity of control and SLCselected samples.
MATERIALS AND METHODS

Animals
A single ejaculate of 12 stallions 4 to 22 years old was collected, in three different locations, between April and August of 2011. Stallions mounted a phantom or a mare in heat and ejaculated into a warmed artificial vagina. Semen was collected into a warm plastic bottle, fitted with a filter to separate the gel fraction. Ejaculates were kept at 37˚C until they were extended 1:1. After assessment of subjective progressive motility, 15 mL of extended semen was processed with Androcoll-E TM (see 2.4) and the resulting sperm cells pellet was diluted to a concentration of 50 × 10 6 spermatozoa/mL. The remaining ejaculate (control) was directly diluted to a concentration of 50 × 10 6 spermatozoa/mL.
Media
Kenney's extender [18] was prepared with 1000 mL of distilled water, 27 g of glucose (G6152 Sigma-Aldrich, St. Louis USA), 40 g of sacarose (S1888 Sigma-Aldrich, St Louis USA) and 24 g of skimmed milk powder (Molico, Nestlé®). INRA96® was purchased commercially (IMV, l'Aigle Cedex France) as was EquiPro® (Minitub Ibérica S.L., Tarragona, Spain). Androcoll-E TM is composed of a silanecoated silica colloid in a buffer salt solution, optimized for stallion spermatozoa (SLU, Uppsala, Sweden).
Fresh Semen Analysis
Fresh semen motility was estimated by light microscopy evaluation (× 200), after placement of a drop on a previously heated slide (37˚C), which was covered by a cover slip. Fresh sperm concentration was accessed with Spermacue® (Minitub Ibérica S.L., Tarragona, Spain). For ejaculates with a concentration reading in the Spermacue® lower than 150 × 10 6 spermatozoa/mL, the concentration was re-calculated using a Neubauer chamber.
Single Layer Centrifugation
Fifteen mL of extended semen diluted to a concentration of 100 × 10 6 spermatozoa/mL in Kenny's extender were carefully pipetted into a 50 mL centrifuge tube already containing 15 mL of Androcoll-E TM . After this procedure, a sharp interface between the colloid and the sample was obtained. Centrifugation at 500 × g for 20 min was then performed. The supernatant was removed until it was just 1 -2 mm above the pellet. The pellet was then re-suspended and transferred to a clean tube. Using a Neubauer chamber to assess the concentration, the pellet was extended to a 50 × 10 6 spermatozoa/mL concentration with either INRA96® or EquiPro®.
Chilling Process
Two samples per stallion (control and SLC-selected) were chilled in a neopor container (Minitub Ibérica S.L., Tarragona, Spain) for transport during a maximum of 24 h. Then they were placed in a refrigerator at 5˚C until 72 h after collection.
Subjective Estimation of Motility
Aliquots (7.5 µL) of each sample were placed on a previously heated slide (37˚C), covered with a cover slip and examined by light microscopy (× 200). Several fields of the slide were evaluated before making a definite estimation of the progressive motility. Samples were examined at 24, 48 and 72 h post collection or until they reached a progressive motility inferior to 10%. Progressive motility of fresh semen was estimated by an experienced operator, different for each participating centre. After 24 h chilling, estimates of progressive motility were done by the same operator.
Sperm Viability and Acrosome Integrity
Live-Dead® Sperm Viability Kit (L-7011; Invitrogen, Eugene, OR, USA), which consists in a combination of the fluorochromes SYBR-14 and propidium iodide (PI), as well as FITC-PNA (L7381, Sigma-Aldrich, St. Louis USA) (0, 1 mg/1mL PBS) were used for this purpose. Two hundred µL of each sample was extended in 600 µL of Hepes buffer (10 nM HEPES, 150 nM NaCl, 10% BSA, pH 7.4) and centrifuged at 400 × g for 3 min. The supernatant was then discarded and 5 µL of SYBR-14 were added in a dark chamber. After 5 min of incubation at room temperature, 5 µL of FITC-PNA were added. Finally, 3 µL of PI were added, also in a dark chamber. After another 5 min of incubation, an aliquot of 7.5 µL was placed on a slide and observed at the fluorescent microscope (Nikon Microphot-FXA®, UV filter, X 400). One hundred to 200 spermatozoa per slide were counted and classified into one of four categories: live spermatozoa with intact acrosome (SYBR+/PNA-); live spermatozoa with damaged acrosome (SYBR+/PNA+); dead spermatozoa with intact acrosome (PI+/PNA-); dead spermatozoa with damaged acrosome (PI+/PNA-).
Single Cell Gel Electrophoresis Assay (Comet Assay)
It was performed 48 h post collection, since DNA damage is usually significantly different from fresh semen after 48 h of refrigeration [17] . The protocol was based on Sipinen et al. [19] . Slides were precoated with agarose by dipping into a vertical staining jar of melted 1% standard agarose in water. Excess agarose was drained and the slides were dried at room temperature. Samples were pipetted to a tube containing PBS and mixed 1:1 with 2% low melting point agarose. The samples were cast onto precoated glass slides, each one containing two gels with a volume of 70 µL and 3 × 10 4 cells each. Cell lysis was achieved submerging the slides in two consecutive lysis solutions: 1) lysis buffer (2.5 M NaCl, 0.1 M EDTA 10 mM Tris, 1% Triton X-100, pH 10) containing 10 mM dithiothreitol (D0632 Sigma-Aldrich, St Louis USA) for 90 min at 4˚C and 2) lysis buffer containing 0.05 mg/mL proteinase K (P2308 SigmaAldrich, St Louis USA) for 90 min at 4˚C. Two slides (with two gels each), were prepared per animal, one to measure basal DNA strand8/breaks (SBs) and the other for incubation with formamidopyrimidine DNA glicolase (FPG) (purchased from Professor A. Collins, University of Olso, Norway) which during incubation after lysis creates a strand break at 8-oxoguanines and other altered purines (FPG sites). After lysis, slides were washed in 3 changes of enzyme reaction buffer (40 mM Hepes, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8 with KOH) in staining jar for 5 min each at 4˚C. Meanwhile the enzyme formamidopyrimidine glycosylase (FPG) was prepared by adding 300 µl of buffer to 10 µL of enzyme ready to use. Then, 50 µL of enzyme solution (or buffer alone, as control) were placed onto each gel and covered with 22 × 22 mm cover slip. The slides were then incubated at 37˚C for 30 min in a moist box. After removal of the cover slips, the slides were incubated in electrophoresis buffer (0.3 M NaOH, 1 mM EDTA) at 4˚C for 30 min and then subjected to electrophoresis, run at 25 V and 300 mA for 30 min. The slides were then neutralized with a 10 min wash in PBS in staining jar at 4˚C, followed by 10 min in water. They were left at room temperature overnight to dry. Comet visualization was performed by visual analysis and the results expressed in Arbitrary Units, accordingly to Collins [20] .
Longevity
Longevity (hours) was accessed based on estimation of the progressive motility at 24 h intervals. When samples reached a progressive motility lower than 10%, they were discarded.
Statistics
The statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, IBM SPSS Statistics, Rel. 19.0.0.2010. Chicago: SPSS Inc., 2010) [21] . We fitted an ANOVA model with two main effects: time (four levels for sperm motility, 0, 24, 48 and 72 h and three levels for sperm viability, 24, 48 and 72 h) and semen processing (two levels, control and SLC-selected). The interactions were verified and, afterwards when there was no statistical difference, means were compared within time, checking variance heterogeneity (Levene test). In the cases where time was not a source of variation (ex.: DNA damage, done only at 48 h post chilling) the Independent-Samples T-test was applied directly. In all cases significance was set at P < 0.05.
progressive motility lower than 35%. After SLC treatment, progressive motility of these ejaculates improved to 50% (n = 1) and 60% (n = 2). The Independent-Samples T-test analysis for sperm viability and acrosome integrity is shown on Table 1 . Sperm DNA integrity (n = 9) did not improve significantly (P > 0.05) in basal or oxidative damage ( Table 2) , even though there was a decrease of the mean values in SLC-selected samples, especially considering basal damages. Longevity (n = 12) of control and SLC-selected samples showed significant differences ( Table 3 ). In SLC-selected semen all (n = 12; 100%) samples reached 72 h post collection with a pro-
RESULTS
The ANOVA analysis revealed that interaction Time vs. SLC-selected samples was not statistically significant (P > 0.05) in any case. Subjective progressive motility estimations (0 h: n = 12; 24 h: n = 12; 48 h: n = 11; 72 h: n = 6) were higher (P < 0.01) in SLC-treated samples for all time points (Figure 1) . A sharper (P < 0.001) decrease of motility was observed in the first 24 h of refrigeration in the control samples, than in the SLC-treated (P = 0.004) ones (Figure 2) . Three stallions had a fresh semen Table 1 . Means, S.E.M. and relative standard deviation (RSD) of different sperm sub-populations after staining with fluorochromes SYBR-14, PI and PE-PNA measured at 24, 48 and 72 h after collection, after being stored at 5˚C (24 h: n = 12; 48 h: n = 11; 72 h: n = 6): live sperm with damaged or reacted acrosome (SYBR-14+PNA+); live sperm with intact acrosome (SYBR-14+PNA-); dead sperm with damaged or reacted acrosome (PI+PNA+) and dead sperm with intact acrosome (PI+PNA-). gressive motility higher than 10%, while only half (n = 6; 50%) samples of the control semen had motility above 10% at 72 h post-chilling.
DISCUSSION
As it should be expected, there was a progressive deterioration of all studied parameters of sperm quality, over time. However, this was more evident in control, rather than in SLC-treated samples. Previous studies have shown that SLC significantly improves the quality of fresh, as well as of chilled semen up to 48 h [7] [8] [9] . In the present study, samples were stored for 72 h, as long as they preserved progressive motility above 10%.
A sharper progressive motility decrease after 24 h of chilling was evident in control samples, while it was discrete in SLC-selected semen. After 72 h of refrigeration all SLC-selected samples maintained their progressive motility above 10%, compared to only half of the control samples.
A higher proportion of viable spermatozoa was found in the SLC-selected samples when compared to control samples, at all time periods. This is also consistent with results from previous studies [7] [8] [9] 22] which suggested that removal of unviable spermatozoa by SLC results in better longevity of the viable population. The reason for this increased longevity has been attribute to the fact that dead spermatozoa are a source of reactive oxygen species (ROS) that leaking through unviable membranes may cause damage to other spermatozoa [23] attacking the polyunsaturated fatty acids (PUFA) of the sperm membrane [24, 25] . Since spermatozoa contain high concentrations of PUFA, they are particularly sensitive to oxidative stress [24] and as a consequence of lipid peroxidation the plasma membrane may lose fluidity and integrity [25] .
The acrosome membrane can be damaged during semen handling and processing [26, 27] and that may lead to sub-fertility in some stallions. In the present study, acrosome damage was not statistically different in control and SLC-selected samples, even though there was a numerical decrease after treatment with Androcoll-E TM . Considering that semen handling can damage the acrosome membrane [27] , and that as previously mentioned ROS leaking through unviable membranes and cause damage to other spermatozoa [23] , damaged acrosome membranes, both in dead and live cells, may be responsible for damaging other sperm cells in the ejaculate.
Previous studies [8, 9] have tested sperm chromatin integrity, showing a significant improvement in SLC-selected samples. In our study, we used the comet assay that detects DNA strand breaks, instead of chromatin damage. Unexpectedly, DNA damage was not significantly different in control and SLC-selected samples. Johannisson et al. [8] and Morrell et al. [9] suggested that the beneficial of SLC may be two-fold: it selects spermatozoa with intact chromatin due to the fact that immature spermatozoa or those with damaged chromatin have a lower density and, removal of seminal plasma along with dead spermatozoa and leukocites may prevent further damaged caused by ROS, in samples preserved at 5˚C. The latter is supported by data from Baumber et al. [23] in which the antioxidants catalase and glutathione reduced equine sperm DNA damage. The lack of difference in DNA damage between control and SLC-treated samples in our study could be, at least in part, a consequence of a limited number of samples analysed.
In conclusion, single layer centrifugation with Androcoll-E TM significantly improved the quality of semen samples of spermatozoa stored at 5˚C. This procedure selected spermatozoa that were motile, possessed good membrane integrity and that maintained these characteristics during storage significantly better than control samples, prolonging its longevity. The overall advantages of SLC-selected samples over the control group were particularly evident at 72 h of refrigeration. Thus, the use of Androcoll-E TM may be particularly useful when AI has to be performed with semen refrigerated for more than 48 h, which often occurs in mares with delayed ovulation after pharmacological induction of ovulation, or when using stallions that produce ejaculates particularly sensitive to chilling, e.g. with obvious decrease in progressive motility after 24 h of refrigeration. Field trials with AI using chilled, SLC-selected and control semen are warranted to assess the effect of these positive in vitro laboratory results on pregnancy rates of mares. Recent data from Morrell et al. [28] based in a restricted number of observations, suggest that in fact SLC can be used to increase the fertility of "problem" ejaculates.
